ABSTRACT
Subsurface petrologic study and burial history reconstruction of the Lower Permian White Rim Sandstone in the Tar Sand triangle on the western edge of the Paradox Basin in southeastern Utah suggest that oil migrated into White Rim reservoirs after significant burial during the early Tertiary. Primary(?) oil-bearing and hydrous, two-phase inclusions that have homogenization temperatures averaging 83°C (minimum temperature of formation) are present in growth zones in authigenic dolomite. Although this temperature is close to the temperature (85°-90°C) of the White Rim at maximum burial in Cretaceous to middle Tertiary time, it may not reflect depth of burial because dolomite may have precipitated from warm oil-bearing brines that migrated upward into cooler, shallower White Rim strata. Geologic evidence, including paragenetic relations between oil and early calcite cement, suggests, however, that migration did not take place until near maximum burial. The presence of "dead" oil in the White Rim on the east side of the Green River in Canyonlands National Park constrains oil migration to the period before uplift and dissection of the Colorado Plateau, which began in Oligocene to Miocene time. Therefore, the Cretaceous to middle Tertiary interval is the most favorable time for oil migration into the Tar Sand triangle.
At the time of deposition, the White Rim Sandstone was pink due to iron-stained detrital illite-smectite and early diagenetic(?) ferric oxyhydroxide grain rims. After some burial, oil migrated through the sandstones, and organic acids formed during redox reactions. Reduction of iron in grain rims caused bleaching of the sandstone. The organic acids dissolved early poikilotopic calcite cement, creating pores in which the oil accumulated. From the middle Tertiary to the present, many late diagenetic alterations have been associated with the biodegradation and water washing of oil due to the infiltration of meteoric water into the White Rim during uplift of the Colorado Plateau. These alterations include formation of widespread secondary porosity, pyrite, quartz overgrowths (second stage), ferroan dolomite, calcite, and hematite. Movement of some oil out of reservoirs occurred at this time in response to Laramide tectonism.
Stratigraphic, hydrologic, and tectonic indicators suggest that the source rock(s) was to the west of the Tar Sand triangle. Because of the estimated enormous size (30-40 billion barrels) of the original accumulation, oil must have migrated along faults and unconformities as well as through permeable beds. Possible source rocks include the Late Proterozoic Chuar Group, the Mississippian Chainman Shale and equivalents, the Middle Pennsylvanian Paradox Formation, and the Lower Permian Kaibab Limestone and Phosphoria Formation. Because of the large distance between some of these formations in eastern Nevada and western Utah and the Tar Sand triangle, a major impetus, such as west-to-east thrusting during the Sevier orogeny, may have hydrodynamically driven the oil eastward toward the Tar Sand triangle.
INTRODUCTION
The White Rim Sandstone, the uppermost formation in the Lower Permian Cutler Group in the Tar Sand triangle area in southeastern Utah, was named by Baker and Reeside (1929) for spectacular exposures between the Green and Colorado Rivers (frontispiece). It is exposed throughout most of southeastern Utah and in Canyonlands National Park where it forms prominent benches that stand out against the predominantly red Permian and Mesozoic sandstones of the Colorado Plateau. It contains the' largest tar-sand 1 deposit in Utah and one of the largest tar-sand accumulations in North America. Other major tar-sand deposits in Utah are in the Uinta Basin, San Rafael Swell, and Circle Cliffs (Kerns, 'Tar is defined by the U.S. Department of Energy (Kems, 1984) as "***any consolidated or unconsolidated rock (other than coal, oil shale, or gilsonite) that contains hydrocarbons (bitumen) with a gas-free viscosity greater than 10,000 centipoise, at original reservoir temperatures." water washed such that only about 13 billion barrels of heavy oil or tar are estimated to remain in place (Ritzma, 1979 ). An unknown amount of oil and volatile hydrocarbons capping the reservoir has been lost due to erosion of the White Rim Sandstone.
In the Tar Sand triangle, oil drips out of the sandstone on warm summer days ( fig. 2 ) . The oil-impregnated sandstone is as thick as 300 ft (94 m) (Campbell and Ritzma, 1979) , and saturation varies from 5 to 80 percent (Dana and others, 1984) . The API gravity of the oil averages 4.3, and the sulfur content (average 3.8 percent) is higher than that of other tar-sand deposits in Utah (Campbell and Ritzma, 1979) . Some of the tar-sand accumulation (a few hundred acres) is not commercially available because it is in Canyonlands National Park; however, most is in the Glen Canyon National Recreation Area or on U.S. Bureau of Land Management land. Much of the land was leased by various companies in 1984 as a result of the reclassification of tar as a form of oil in 1981 (Kerns, 1984) and as a consequence of changes in regulations in the 1984 Combined Hydrocarbon Leasing Act (Dana and others, 1984) . At this time, however, no tar-sand leases have been developed because the mining of tar is not economically feasible.
Although Campbell and Ritzma (1979) thought that oil was trapped in the pinchout of the White Rim Sandstone against the northwestern flank of the Monument upwarp, others have proposed that the Permian-Triassic unconformity controlled the entrapment of oil (Dolson and Henry, 1991; Huntoon, Dolson, and Henry, 1994) . Dolson and Henry (1991) concluded that oil was trapped where the paleotopographic slope exceeded the structural dip (about l°-2° NW.) and then accumulated in paleotopographic highs or dunes. The angular PermianTriassic unconformity bevelled the top of the White Rim, but it did not impede the migration of oil because overlying conglomeratic Triassic strata are commonly oil stained. Field and petrographic observations made as part of this study reveal that oil is trapped in the more permeable sandstone of the White Rim between less permeable finer grained siltstone and sandstone of the underlying Lower Permian Organ Rock Formation and finer grained beds of the overlying Triassic Moenkopi Formation ( fig.  3 ). In many places where the Moenkopi and Organ Rock are coarser, they are commonly oil saturated or bleached, probably as a result of the passage of hydrocarbons. The underlying Lower Permian Cedar Mesa Sandstone is also locally oil stained, as is the overlying Middle Jurassic Entrada Sandstone in the northern part of Canyonlands National Park.
According to Dolson and Henry (1991) , the "feather edge" of the White Rim to the east of the Tar Sand triangle is generally devoid of hydrocarbons, but my field observations reveal "dead" oil in the White Rim Sandstone in the Island in the Sky region of Canyonlands National Park between the Green and Colorado Rivers. The local abundance of iron oxide cement and oxidized pyrite in this area suggests that a reducing environment, perhaps associated with oil-bearing fluids, was once present. Biodegradation and the slow drainage of oil southward in response to tectonics may have contributed to the present lack of oil in this area (Spencer, 1975) .
A source rock(s) for this huge accumulation of oil has not been identified. Because of the size of the deposit, the source rock was probably enriched by several percent in hydrogen-rich type I or II kerogen or, if organically leaner, was thick and present over a very large geographic area. In addition, for such a large accumulation to form oil migration must have been focused along very good carrier beds and (or) unconformities and faults and then very efficiently concentrated in the Tar Sand triangle area.
The primary goal of this study was to determine the time of oil migration into the Tar Sand triangle by Figure 4 . Tectonic features in vicinity of Paradox Basin (defined by maximum extent of salt in Pennsylvanian Hermosa Group) and adjacent areas during the Early Permian.
White Rim is now at or near the surface throughout much of the Canyonlands area.
STRATIGRAPHY
The White Rim Sandstone is considered to be the uppermost formation of the Cutler Group west of Moab, where it is well developed, and it drops to member rank in the Cutler Formation in the Moab area and to the east, where it is not as well developed (S. Condon, written commun., 1994) . In the area of Canyonlands National Park and the Tar Sand triangle, it conformably overlies the Organ Rock Formation of the Cutler Group or conformable overlies the Lower Permian Cedar Mesa Sandstone of the Cutler Group. Truncation of the White Rim eolian in origin (Baker and Reeside, 1929; McKnight, 1940; Baker, 1946; Heylmun, 1958; Steele-Mallory, 1981; Walker and Middleton, 1981; Huntoon and Chan, 1987; Steele, 1987; Chan, 1989) . Sands of the White Rim were deposited in a complex erg system that included dune, interdune, sabkha, and sandsheet facies that formed in a semiarid to arid climate (Huntoon, 1985; Steele, 1987; Chan, 1989) . When the White Rim erg was forming, the Kaibab ocean lay to the west and Cutler alluvial fans lay to the east ( fig. 6 ). The White Rim erg was centered in the Dirty Devil River area and to the west and southwest of that area, where it is now present only in the subsurface. Along the edges of the erg, fluvial facies interfinger with eolian facies, and entire upright trees were engulfed in sand as the erg expanded (Chan, 1989) .
The thickest part of the White Rim comprises a lower eolian unit of horizontally bedded sand-sheet facies and moderate-to high-angle crossbedded dune facies. According to Chan (1989) , the dune facies constitutes 80 volume percent of the lower unit. Eolian sedimentary structures include ripples with large ripple-form indices, inversely graded laminae, grainfall strata, and avalanche tongues. Barchanoid dunes that have a unimodal orientation are in the Tar Sand triangle (Huntoon, 1985) , transverse dunes are present west and southwest of the barchanoid dunes, and a sand-sheet facies is present between the Green and Colorado Rivers in the Island in the Sky region of Canyonlands National Park (Chan, 1989) . Fossil fragments are generally lacking. The lower eolian unit is overlain unconformably by a thin marine unit characterized by horizontal-planar stratification, wave ripples, and fluidescape structures (Huntoon, 1985; Chan, 1989) . The marine unit may be eroded completely or as thick as 15 ft (4.3 m) (Huntoon, 1985) . Megapolygons several feet in diameter are present on its upper surface (Huntoon and Chan, 1987) . Because the marine unit contains reworked White Rim Sandstone grains, lithified blocks of White Rim Sandstone, and Kaibab chert pebbles, an unconformity of unknown duration is interpreted to be present between it and the underlying part of the White Rim (Huntoon, 1985) .
METHODOLOGY
Although many surface samples were collected, virtually all petrographic research was done on samples from six cores collected in the Tar Sand triangle and three cores taken northwest of Bullfrog on Lake Powell in southeastern Utah ( fig. 1 ). Outcrop samples are too altered due to recent weathering to be studied for diagenetic interpretations. Sandstones were vacuum impregnated with bluedyed epoxy. Petrographic thin sections were stained with Alizarin Red-S (pink) for calcite, with sodium cobaltinitrite (greenish yellow) for potassium feldspar, and with potassium ferricyanide (blue) for ferroan carbonate identification. Point counts (300 points per section) of selected fine-and medium-grained sandstones determined the detrital modal mineralogy. Petrologic research was done using a petrographic microscrope with and without a fluorescence attachment, a luminoscope, an electron microprobe, and a scanning electron microscope with an attached energy-dispersive system (SEM-EDS). X-ray diffraction of the -2-\tm fraction was used to identify clay minerals. Random, glycolated. and 550°C X-ray patterns were generated for each sample. Detrital heavy minerals were separated from selected samples by gravity settling in sodium polytungstate (specific gravity about 2.9).
Measurements and interpretations of fluid inclusions in authigenic dolomite in doubly polished thin sections were done by Jim Reynolds. Stable carbon and oxygen isotopes of authigenic calcite and dolomite were analyzed by Global Geochemistry Corporation (Canoga Park, Calif.), and sulfur isotopes of authigenic pyrite were determined by Krueger Enterprises (Cambridge, Mass.). Geological Survey, unpublished data, 1994) .
CORE DESCRIPTIONS
Sedimentary structures are commonly obscured in oilsaturated sandstone but can be seen in unsaturated sandstone ( fig. 7 ). Many intervals of core have a mottled or 
DETRITAL MINERALOGY
Detrital grains of the White Rim Sandstone are generally subangular to well rounded, and many samples display the bimodal grain-size distribution characteristic of eolian sandstone ( fig. 9) (Folk, 1980) . Well-rounded quartz and potassium feldspar grains are the coarsest grains in bimodal sandstones. The bimodal grain size is in horizontal laminated beds that have been interpreted as migrating interdune deposits (Kocurek, 1981) . Modal analyses show that the White Rim Sandstone has a relatively simple and consistent detrital mineralogy (tables 2-10). Modal analyses of sandstones from the Tar Sand triangle cores have a 2a of 3 with 90-96 volume percent quartz at the 95 percent confidence level (for method, see Van der Plas and Tobi, 1965) ; however, modal analyses of sandstones in the cores northwest of Bullfrog, which contain more potassium feldspar, have a 2a of 4 with 81-89 volume percent quartz at the 95 percent confidence level.
Sandstones of the Tar Sand triangle are primarily quartzarenite ( fig. 10 ), whereas those of the Bullfrog area are subarkose ( fig. 11) (Folk, 1980) . Outcrop sandstones from the Tar Sand triangle and Canyonlands are quartzarenite. In Folk's classification scheme, the quartz pole includes all types of quartz and metaquartzite, the feldspar pole includes all feldspars and granite and gneiss fragments, and the rock fragment pole includes finegrained rock fragments and chert. The main feldspar in all sandstones is untwinned potassium feldspar. Chert and plutonic igneous rock fragments composed of potassium feldspar and quartz are the most common rock fragments in all sandstones. Rare flakes of muscovite are present throughout all sandstones. Thin, detrital illite-smectite (90 percent illite) grain rims are sporadically present and are most widespread in the East Muley Creek and Muley Creek State cores ( fig. 12 ).
Nonopaque heavy minerals are well-rounded zircon, tourmaline, and apatite and rare garnet, pyroxene, amphibole, and rutile. Zircon and tourmaline each make up 30-40 volume percent of the heavy-mineral suite, and apatite makes up 18-20 volume percent. Iron-titanium oxides and magnetite are present in trace amounts.
The initial porosity of eolian sandstone varies according to the dune facies (Hunter, 1977; Schenk, 1983) . For instance, fractional facies have about 38 percent porosity, grainfall facies about 43.5 percent, and avalanche-toe facies approximately 47 percent. According to Dickinson (1991) , however, modern well-sorted dune sands have average porosity of only 35 percent. Because of grain overlap, Dickinson's method of estimating porosity by point-counting grains in thin sections probably underestimates the amount of porosity (J. Schmoker, oral commun., 1994).
AUTHIGENIC PHASES AND ALTERATIONS CALCITE
In those samples totally cemented (as much as 35 volume percent) by poikilotopic nonferroan calcite, no other diagenetic minerals are present, framework grains have few contacts other than point contacts, and (apparent) TST4-1402  TST4-1408  TST4-1412  TST4-1418  TST4-1421  TST4-1424  TST4-1425  TST4-1428  TST4-1440  TST4- pores formed by the dissolution of early calcite cement, but locally they lie under calcite cement. In a few samples, more than one quartz overgrowth is present on a detrital grain. In his studies of Tar Sand triangle cores, P. Reimersma (Department of Energy, Laramie, Wyo., written commun., 1985) also found evidence for at least two stages of quartz overgrowths; however, the most abundant and largest overgrowths precipitated during the second stage of overgrowth formation. Oil is present under, on, and within quartz overgrowths ( fig. 18 ). 
DOLOMITE
Dolomite rhombohedra of silt to fine grain size are common in all cores except for the Muley Creek State core. Most dolomite grains are cloudy as a result of included oil, and most larger rhombohedra are zoned with a nonferroan core and a small ferroan overgrowth ( fig.  19 ). Some grains are large and clear, contain few inclusions, and enclose several detrital quartz grains. Some dolomite grains have rounded, nonferroan detrital(?) dolomite cores that luminesce red ( fig. 20) . Electron microprobe analyses indicate that the red color is due to co-substitution in the dolomite structure of as much as 1 weight percent iron for magnesium and traces of manganese (< 1,500 ppm) for calcium. As many as ten alternating ferroan and nonferroan zones of dolomite were 
PYRITE
Pyrite cement and individual pyrite crystals are closely associated with oil and are present throughout the cores in secondary pores created by the dissolution of calcite cement ( fig. 25 ). Pyrite cement is abundant near the top of the Remington and ALTEX cores, where it appears to have partly replaced framework grains and calcite cement. Because stratigraphic control in the cores is poor, some of these samples might be at the base of the Lower Triassic Hoskininni Member of the Moenkopi Formation or unnamed Triassic chert pebble conglomerate rather than in the White Rim Sandstone. Sulfur isotopes of pyrite cement and crystals are shown in table 11.
POTASSIUM FELDSPAR
Authigenic potassium feldspar is present as rare, small overgrowths on detrital potassium feldspar grains. In the ALTEX core, small potassium feldspar overgrowths also are on detrital plagioclase grains. Individual, micron-size authigenic potassium feldspar crystals are more common than PERMIAN WHITE RIM SANDSTONE 121 overgrowths, but they are only visible with the SEM. Under the SEM, they were seen on quartz overgrowths and intergrown with authigenic illite ( fig. 26 ) and as "adularia-like" rhombic crystals only several microns in length. They are most abundant near the base of the White Rim in the ALTEX core where they are present as 20-30-(jm elongate crystals that commonly contain oil in dissolution vugs ( fig. 27 ).
CLAY MINERALS
X-ray diffractograms of the -2-|jm fraction of White Rim samples showed that kaolinite is the only major authigenic clay mineral. SEM observations, however, revealed small amounts of authigenic illite as overgrowths on detrital illite-smectite, and authigenic kaolinite, potassium feldspar and dolomite. A low-birefringent material (chlorite?) on grains is present in some cores.
Kaolinite is present as vermicular chains of hexagonal plates in scattered pores that may have been created by the dissolution of an earlier (calcite?) cement Because kaolinite is present in widely .scattered pores, the volume percent of kaolinite as determined by modal analysis is probably lower than it actually is. Kaolinite is intergrown with ferroan calcite ( fig. 15) and is commonly oil stained (fig. 28) .
MINOR ALTERATIONS
Thin, amorphous iron oxide and oxyhydroxide grain coatings are present on many detrital grains. Barite is a minor cement in a few samples. Large areas of barite cement contain pyrite and oil inclusions in core TST3 (1,412 ft, 430.4 m). Anatase is an alteration product of detrital iron-titanium oxides, and hematite is an oxidation product of iron-bearing minerals such as iron-titanium oxides and magnetite.
SECONDARY POROSITY
Secondary porosity in the White Rim Sandstone is high due to leaching of early calcite cement, oil, and perhaps other, unknown phases. Remnants of calcite cement in optical continuity indicate that calcite cement was once more extensive. Because of the lack of labile framework grains, very little of the secondary porosity is intragranular or moldic. High amounts of porosity in some friable sandstones may be partly due to plucking during the thin-sectioning process.
OIL
Oil saturates much of the White Rim Sandstone in the Tar Sand triangle but is not present in sandstone that is totally cemented by poikilotopic calcite cement. Oil most commonly is present in secondary pores created by the dissolution of calcite cement. It is also present in, under, and on quartz overgrowths ( fig. 18) , and it stains authigenic kaolinite ( fig. 28) with detrital illite-smectite. The East Muley Creek core is the only core that does not contain oil.
INTERPRETATION OF AUTHIGENESIS
The inferred paragenesis of diagenetic alterations in the White Rim Sandstone is shown in figure 29 . In the following discussion, justifications pertaining to the placement of each authigenic mineral in the paragenetic sequence are presented.
CALCITE
The fact that samples totally cemented with nonferroan calcite have no other authigenic minerals and contain point contacts and floating grains indicates that calcite was the first cement to precipitate in the White Rim Sandstone. The high minus-cement porosity values of samples totally cemented with calcite suggest that the calcite precipitated before the sandstone was buried deeper than approximately 1,000 ft (305 m) (Conybeare, 1967, figs. 8-10) . The patchy appearance of the calcite cement under the luminoscope indicates that much of it has recrystallized; however, recrystallization apparently did not affect the minus-cement porosity values, possibly because the process was slow and the cement volume did not change. An apparent inverse relation between calcite cement and oil supports the petrographic observations and conclusions ( fig. 30 ).
sandstones because of the presence of oil inclusions along growth zones within dolomite rhombohedra. Other dolomite rhombohedra are surrounded by oil and apparently precipitated before the introduction of oil. Some rhombohedra may have formed around a drop of oil already present. The round, red-luminescent cores of many dolomite rhombohedra may have been derived from adjacent interdune deposits. Dolomite overgrowths commonly grew on these detrital dolomite nuclei. The outermost part of the overgrowths is always ferroan, suggesting precipitation from fresher water, which generally contains more iron than seawater, during uplift of the Colorado Plateau. The lack of vapor-phase inclusions in ferroan dolomite indicates that the ferroan dolomite formed at temperatures below 50°C.
Compositionally zoned carbonate crystals are common in sedimentary rocks. According to Machel and Burton (1991) , at least 26 factors may contribute to differences in composition, and thus differences in luminescence, of crystals. These factors include temperature, salinity, concentrations of activators and quenchers, Eh, kinetics, microbial activity, diagenesis, fluid flow, and crystal surface structure. One favored explanation for zoning is that changes in precipitation rate can lead to differences in partitioning of trace elements into dolomite and calcite (Reeder and Prosky, 1986; Paquette and Reeder, 1990) . Variations in both temperature and distribution coefficients (dependent on crystal growth rate) of iron and perhaps other trace elements or activators-quenchers in the dolomite have been suggested as a cause of zoning by Dromgoole and Walter (1989) ; however, Wogelius and others (1992) showed that the precipitation rate would have to change by about four orders of magnitude to produce a ferroan dolomite. This change would necessitate a very large change (more than five times) in the equilibrium ion activity product that would have to be caused by a very large variation in composition of the fluid.
The most commonly suggested cause for concentric zoning such as that in the White Rim dolomites is a change in the Eh of the groundwater because the elements that are usually involved in the zoning (manganese and iron) are Eh sensitive as a result of their occurrence in more than one valence state. Fraser and others (1989) observed that the pronounced concentric zoning in dolomite from limestone in Italy resulted from variations in the concentrations of iron, manganese, and zinc, all redox-controlled elements. Variations in Eh controlled the distribution of manganese and iron between the pore fluid and manganese-and ironoxyhydroxides and thus influenced the activities of these elements in solution. Zinc is not directly controlledvyby changes in Eh; however, its solubility is governed by the effects of Eh-pH on sulfide-sulfate equilibria and by the release of zinc into solution after reduction of manganeseor iron-oxyhydroxides.
The most likely mechanism for formation of the zoned carbonate crystals in the White Rim, especially those that contain many concentric zones, is a fluctuating interface (oil-water contact?) between a reducing oil-bearing water and a less reducing, non-oil-bearing brine(?). This explanation is plausible because of the oscillatory nature (ferroannonferroan) of the zones and the fact that the dolomite crystals having the most zones are present in small vertical intervals in the cores, particularly in the Bullfrog core. The fact that the outermost zone is always ferroan and is interpreted to have precipitated during late diagenesis may reflect formation during uplift of the Colorado Plateau and percolation of meteoric water through the White Rim Sandstone.
PYRITE
Most pyrite cement in White Rim sandstones apparently precipitated at the same time as the oil or perhaps earlier because the cement completely surrounds framework grains in some samples. Another generation of pyrite crystals that are associated with ferroan dolomite precipitated in secondary pores, possibly during biodegradation of oil. During oxidation of the oil, some pyrite was locally oxidized to barite and hematite.
POTASSIUM FELDSPAR
Small amounts of authigenic potassium feldspar may have been furnished by dissolution of detrital potassium feldspar within the White Rim Sandstone; however, the large amounts of authigenic potassium feldspar in the ALTEX core strongly suggest that some potassium was imported into the sandstone. Perhaps a potassium-rich brine migrated upward along faults from the underlying Middle and Upper Pennsylvanian Hermosa Group, which contains potash deposits (Phillips, 1975) . Dissolution of sylvite and carnallite in the Hermosa is thought to have occurred during the Tertiary (S. Williams-Stroud, U.S. Geological Survey, oral commun., 1994). Abundant authigenic potassium feldspar overgrowths and micrometersize crystals associated with dolomite near the bottom of the ALTEX core suggest precipitation from a brine or in a mixing zone between a brine and freshwater.
CLAY MINERALS
Kaolinite precipitates from freshwater (Bjorlykke, 1979) ; therefore, meteoric water invaded the White Rim Sandstone at some time during its postdepositional history. Textural relations suggest that kaolinite precipitated before the migration of oil because kaolinite is locally saturated with oil. Kaolinite may have formed, however, during biodegradation of the oil when conditions were acidic. Periods of meteoric recharge before oil migration, during which the value suggests that the dolomite precipitated from an evolved formation water more saline than seawater.
PYRITE
The heaviest 8 34 S values are the +5 and +7 per mil values for pyrite cement at the top of the ALTEX core. At least four explanations are possible for the genesis of the heavy pyrite cement. (1) Organic sulfur derived from oil reacted with ferric iron in the grain-rimming clay or oxyhydroxides releasing sulfur in the form of hydrogen sulfide gas, which then reacted with ferrous iron to form pyrite (organic sulfur 8 34 S values vary from -10 to +35 per mil; Tissot and Welte, 1984) . A range of pyrite 8 34 S values would result from this process. (2) Bacterially mediated sulfate reduction in a closed system resulted in heavier and heavier sulfur isotope values (Hoefs, 1987) . (3) Diffusion of hydrogen sulfide gas upward from the underlying petroleum reservoir during (late) biodegradation of the oil and entrapment of this gas below the impermeable Moenkopi beds is responsible for the abundance of pyrite cement at the top of the permeable White Rim. (4) Because the S^S value of the Permian ocean was about +10 per mil (the heaviest in geologic history; Hoefs, 1987) , the pore waters initially contained heavy sulfur. Because the pyrite cement most likely precipitated during early diagenesis, the last explanation is favored with possibly some contribution from bacterially mediated sulfate reduction (explanation 2).
The slightly lighter Si^S values of the individual, late pyrite crystals probably reflect a mixture of sulfur derived from different processes. Many of these crystals are in secondary porosity apparently associated with the biodegradation of oil after uplift of the Colorado Plateau when formation temperatures were cool enough for bacterial reduction of sulfate to take place.
BLEACHED SANDSTONE
Bleaching of the White Rim Sandstone may have been caused by the passage of oil and associated organic acids. The White Rim is whitish gray in outcrop everywhere that it is not oil saturated and in the subsurface with the exception of the East Muley Creek core. Although the White Rim may have been white at the time of deposition, the fact that the East Muley Creek core is not bleached (and does not contain oil) suggests that most bleaching is diagenetic. Round, bleached spots in many red beds contain traces of organic matter, suggesting that the bleaching was the result of reduction processes caused by presence of organic matter (Hofmann, 1992) . Surdam and others (1993) proposed that ferric iron in clay or iron oxyhydroxide coatings on sand grains are reduced to ferrous iron by oil-bearing solutions.
This mechanism for the bleaching of red beds may be applicable to the White Rim. Organic acids that are produced by the (redox) reaction of oil with ferric grain coatings dissolve calcite cement and thus create secondary porosity. Ferrous iron is then carried by organic complexes to sites of precipitation where it combines with sulfur and is incorporated into pyrite. The sulfur is provided by organic matter or by reduction of sulfate. The East Muley Creek core apparently remained pink due to pervasive, thicker grain rims that decreased its permeability, thus preventing the influx of oilbearing solutions.
FLUID INCLUSIONS
Although it is not certain that they are primary, the micron-size, two-phase hydrous inclusions in oil-bearing, authigenic nonferroan dolomite meet two important recognition criteria for primary inclusions: (1) consistent liquid to vapor phase ratios of inclusions within one crystal and (2) occurrence in crystal growth zones (iGoldstein and Reynolds, 1994; J. Reynolds, written commun., 1994) . Homogenization temperatures (n=30) of the inclusions are between 65°C and 100°C, and most are tightly clustered (n=23) between 80°C and 90°C. These temperatures represent, at the very least, minimum temperatures of formation for the dolomite. Many inclusions are single phase, either all-liquid or solid, but more research is needed to determine the phase present. All-liquid inclusions could have resulted from necking, metastability, or entrapment below 50°C (Goldstein and Reynolds, 1994) . Johansen (1988) proposed that the source area for all upper Paleozoic eolian sandstones in the southwestern United States was somewhere to the northeast on the North American craton. Because of the orientation of the continent and the position of the Equator during the Permian, trade winds would have blown sand to the southwest from areas that are now in Alberta and Wyoming where thick sections of Pennsylvanian strata were eroded prior to the Permian (Johansen, 1988) . Sea-level fall during late Paleozoic Gondwana glaciations may have facilitated this process by periodically exposing shelf sediments to erosion. Unfortunately, this hypothesis cannot be tested because the source rocks formerly exposed in this area have been eroded.
PROVENANCE
The Uncompahgre uplift would appear to be the most likely source area for the White Rim Sandstone because of its proximity ( fig. 4 ) and the abundance of quartz and potassium feldspar in both Uncompahgre uplift and the White Rim; however, prevailing northwest winds (Poole, 1962; Huntoon, 1985) during White Rim deposition rule out an Huntoon, written commun., 1994) .
been parallel with bedding because of the confinement of the White Rim Sandstone between semipermeable beds over much of its area of deposition. These data constrain the time and direction of oil migration and, as a result, put constraints on potential source rocks; however, a source rock is also limited by the tremendous size of this deposit, unless more than one formation was the source. To form such a large accumulation, the source rock should have contained several percent of a hydrogenrich kerogen, such as type I or II. For the source rock to have been any leaner would necessitate an unrealistically large volume of rock and (or) an unrealistic expulsion and migration efficiency.
Among the most promising source rocks are the Late Proterozoic Chuar Group, the Mississippian Delle Phosphatic Member of the Chainman Shale and equivalent formations, the Middle Pennsylvanian Paradox Formation of the Hermosa Group, the Lower Permian Phosphoria Formation and Kaibab Limestone, and the Lower Triassic Sinbad Limestone Member of the Lower and Middle(?) Triassic Moenkopi Formation. Because of the bouyancy of oil, migration almost certainly proceeded updip, and thus units stratigraphically above the White Rim are not candidates.
The source-rock potential of the Chuar Group is relatively unknown except for outcrops in the Grand Canyon area and in the Uinta Mountains. In northwestern Arizona, the Chuar is 5,120 ft (1,560 m) thick and has a total organic carbon (TOC) content of 9 weight percent in some algal carbonate rocks and mudstones (Palacas, 1992) . The Chuar is an intriguing possibility as a source rock because it extends under the Paradox Basin, where it is now overmature and metamorphosed (Palacas and Reynolds, 1989) . Oil would have had to migrate upward through faults and fractures either from the southwest or from directly under the Tar Sand triangle to reach the White Rim. Comparisons of carbon isotope, biomarker, and saturated hydrocarbon gas chromatogram data between tar sands in the White Rim Sandstone at Temple Mountain in the San Rafael Swell, oil at Circle Cliffs, and the tar in the Tar Sand triangle suggest that all came from the same source rock (Wenrich and Palacas, 1990 ). There are also some similarities between the oil in the Tar Sand triangle and the Chuar Group bitumens Idaho, southern Wyoming, or northern Utah would have had to migrate before Laramide faulting because hydrologic communication between the White Rim and source rocks to the northwest did not exist after that time (Sanford, in press). Based on burial reconstruction, oil is thought to have been generated in the Phosphoria Formation in early Mesozoic to Late Cretaceous time (Maughn, 1984) .
The Kaibab Limestone consists of limestone, dolomite, sandstone, and evaporite facies. It is an attractive source rock because of its stratigraphic and geographic proximity to the White Rim; however, its total organic carbon content is generally low (<0.5 percent). Oil staining of the Kaibab in many areas of western Utah indicates that it has generated oil (B. Law, oral commun., 1993). Burial history estimates indicate that the Kaibab reached the oil window in Late Cretaceous to early Tertiary time west of the San Rafael Swell in western Utah.
The Sinbad Limestone Member of the Moenkopi Formation contains between 1 and 4 weight percent total organic carbon; however, it is not very thick (45-425 ft, 15-175 m) and thus probably could not have provided enough bitumen for such a large accumulation of oil. The Sinbad, similar to the Kaibab, probably reached the oil window in Late Cretaceous to early Tertiary time west of the San Rafael Swell.
All of these formations have been considered as source rocks for oil in the Tar Sand triangle. Most contain sufficient total organic carbon; they are all in favorable geographic and stratigraphic positions to meet the hydrologic requirements for delivering oil to the Tar Sand triangle; and they are known to have reached the oil window in the past. It is not inconceivable that combinations of these formations, or formations not discussed, were the source(s) of oil in the Tar Sand triangle.
OIL MIGRATION
The inverse relation between poikilotopic (early) calcite and oil ( fig. 31) demonstrates that oil migration took place during and after calcite dissolution. Oil migration into the White Rim Sandstone in the Bullfrog area may have been earlier than in the Tar Sand triangle because in Bullfrog cores oil appears to fill primary pores. This apparent pore filling may, however, be an artifact of the preservation of primary porosity by the illite-smectite grain rims and the lack of alteration by meteoric water. The average homogenization temperature (83°C) of two-phase primary(?) inclusions in authigenic, oil-bearing dolomite fixes the minimum temperature of formation waters at the time of oil migration. The White Rim may have been buried deeply enough for indigeneous fluids to be in this temperature range, or a warm fluid may have migrated from below up into the cooler White Rim Sandstone when it was at a shallower depth. Because relatively impermeable siltstone and sandstone of the Organ Rock Shale underlie the White Rim in most of the area, hydrologic modeling indicates that fluids migrated laterally through the White Rim Sandstone and the overlying Permian-Triassic unconformity; therefore, this latter scenario is unlikely unless the waters moved upward along faults. There is little reported evidence for movement of hydrocarbons along faults in the area. As burial history reconstructions show, the formation temperature of the White Rim Sandstone at maximum burial was about 90°C, very close to the average homogenization temperature (83°C) of the fluid inclusions. The White Rim crossed the 83°C isotherm twice during its postdepositional history: once in the early Paleocene at approximately 11,726 ft (3,575 m) depth and again in the early Miocene at about 10,660 ft (3,250 m) depth ( fig. 32 ). Because 83°C is so close to 90°C, they are considered to be essentially the same temperature.
Interpretation of textural relations between early calcite and oil and minus-cement porosity values of the calcite indicates that oil migration occurred after at least 300 m of burial. Some compaction also took place after dissolution of calcite cement and introduction of oil; therefore, oil is interpreted to have entered the sandstone after more burial, possibly as late as Cretaceous time. The presence of "dead" oil in the Island in the Sky District of Canyonlands National Park fixes the youngest time for migration as middle Tertiary because incision of the Green River began in Oligocene to Miocene time (Gardner, 1975) . Lucchita (1973) concluded that the lower Colorado River did not exist until about 10.6 Ma, but he suggested that it may have captured a preexisting upper Colorado River. Based on the preceding data and interpretations, oil migration may have occurred between Cretaceous and middle Tertiary time, Long-distance migration of hydrocarbons facilitated by tectonics has been proposed to explain long-distance migration of fluids in other areas (Oliver, 1986) . Migration paths for oil were most likely to have been permeable sandstone, unconformity surfaces, and faults. To the west of the Tar Sand triangle, the White Rim and other upper Paleozoic units may have formed a relatively continuous aquifer all the way to Nevada before basin and range faulting in the Tertiary. Because subsurface flow in the White Rim Sandstone and adjacent aquifers was from west to east in Cretaceous to middle Tertiary time (Sanford, in press), hydrodynamic flow facilitated by tectonic forces during the Sevier orogeny could have provided the impetus for movement of large amounts of oil over long distances. Thrust sheets could have acted like giant "squeegees," pushing fluids ahead of them (Oliver, 1986) . Stacking of large thrust plates may have locally doubled the geologic section, causing more rapid maturation of organic-rich rocks (Royse, 1993 Calcite cement at base. Sparse, thin saturated beds; pale calcite blebs in bottom 2.4 ft. Pale mottled to about 1,520.5 ft; alternating light-and dark-brown near base.
Complex bedding.
Fines upward; rippled. Color depends on saturation; crossbeds alternate with rippled beds. Slightly rippled. Large colloform pyrite (1.5 in. by 2 in.). Chert pebbles; saturated; poorly sorted; rippled. Vuggy porosity; pyrite 1,551.5-1,557 ft; color change from brown to light brown at crossbedding change; large cherts at 1,550 ft Change in crossbedding direction at 1,558 ft; 1,557-1,558 ft, moderate angle (15°); 1,558-1,558.3 ft, rippled, horizontal; 1,558.3-1,559 ft, highangle crossbeds downward to lower angle crossbeds at base; well sorte. Heavily mottled with calcite and oil. Less mottling than overlying interval; change in crossbedding direction. Alternating black and less saturated beds (more porous); some white and brown calcareous layers; moderate sorting; rippled. Rippled.
Alternating black and brown lower 6 in.
Interdune lag(?); white calcite-cemented beds; rippled. Rippled; mottled; gray cement.
Gray beds at top; heavy-mineral laminae at 2,957 ft.
